1. In normal young adult sons of normotensive parents the rate of renal sodium excretion is highly correlated with mean arterial pressure after a large intravenous isotonic fluid load. The correlation appeared to strengthen with time and was improved when the rate of sodium excretion was corrected for variations in the rate of glomerular filtration.
Introduction
An increased, but very variable, capacity to excrete sodium has long been known to exist in people with hypertension, whatever the cause (Farnsworth & Barker, 1943; Baldwin, Biggs, Goldring, Hulet & Chasis, 1958; Miles & de Wardener, 1953; Cottier, Weiler & Hoobler, 1958; Hanenson, Taussky, Polasky, Ransohoff & Miller, 1959; Vaamonde, Sporn, Lancestremere, Belsky & Papper, 1964) . This abnormality is particularly intriguing be cause, paradoxically, it has been suggested that an increased capacity to retain sodium has a primary role in the pathogenesis of essential hypertension (Borst & Borst, 1963) . Indeed, conventional concepts would predict that an increased sodium excretory capacity is likely to be related more to the result than to the cause of essential hyper tension. Yet in rats with an inherited tendency to hypertension sodium excretory capacity is enhan ced before hypertension is established (Ben-Ishay, Knudsen & Dahl, 1973; Bianchi, Baer, Fox & Pagetti, 1975b) . In man strictly comparable studies are clearly impossible. However, utilizing the observations of Ayman (1934) , who showed that the young offspring of normotensive parents were most unlikely to be hypertensive, whereas those of hypertensive parents were quite likely to be so, we have compared the sodium excretory capacity in the young adult normotensive sons of normo tensive parents with those of hypertensive parents. Thus it might be possible to demonstrate dif ferences of sodium excretory capacity which may be relevant to the pathogenesis, rather than the effect, of hypertension.
Methods

Subjects and arterial pressures
We have studied 34 paid normal Caucasian men aged 18-26 years and also their parents, aged 42-639 640 After 30 min of supine recumbency the arterial pressure of each subject was measured sphygmomanometrically at least ten times to accustom the subject to the procedure, and then three times at 2 min intervals. The mean of these three measure ments was used as the 'basal pressure'. At the end of this period a blood sample was taken for the estimation of plasma renin activity.
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Experimental protocol (Fig. 1) To minimize the effects of prehydration on sodium excretory capacity, our subjects underwent a standard run-in period of 12 h. They had no fluid for 10$ h and then, after an oral fluid load, a large Pressure-related natriuresis and inheritance 641 intravenous load of glucose solution (50 g/1) was given immediately before the sodium load.
No smoking or alcohol was allowed on the evening before study. The subjects had nothing to eat or drink from 21.00 hours. The overnight urine (23.00-07.30 hours) was collected, and then 540 ml of water was drunk. At 08.30 hours each subject emptied his bladder, was weighed and then sat in a low (25 cm from the ground) chair (Parker Knoll, model no. P.K. 988/1023). 18G cannulae (Argyle Medicot) were then inserted into a left antecubital and a right forearm vein. The first blood sample was drawn from the antecubital fossa vein without stasis shortly before 09.00 hours. This and subsequent samples were immediately chilled, separated and stored at -20° C. Arterial pressure was measured sphygmomanometrically at the times shown in Fig. 1 .
Between 09.00 and 09.30 hours glucose solution (50 g/1) was infused (26-7 ±0-8 ml/kg) via the forearm vein. Over the following hour Ringer lactate (31-5 + 0-8 ml/kg), containing sodium 131 mmol/1, potassium 5 mmol/1, calcium 4 mmol/1, chloride 111 mmol/1 and lactate 29 mmol/1 (Compound Sodium Lactate Injection B.P.) was infused at a constant rate. The final volume of infused fluid actually given was calculated by weighing the bags before and after the experiment and subtracting the weight due to solids.
Urine was collected at the time intervals shown in Fig. 1 by voluntary voiding while the subject was sitting on the edge of the chair. Each subject was asked to empty his bladder completely on each occasion. Three subjects were not able to pass urine while sitting; they therefore stood to void urine for a short period every 20 min. As urine flow diminished towards the end of the experiment the urine collection period was increased to 40 min on some occasions. All subjects stood to void for the final collection.
At the midpoint of each urine collection period the arterial pressure was measured and a blood sample was drawn without stasis from the antecubital vein cannula.
Analytical techniques
Sodium and potassium concentrations were measured in both blood and urine on an I L 343 flame photometer. Urine samples were tested for glucose (Clinistix, Ames Ltd); transient mild glycosuria occurred in all subjects, but by the end of the Ringer lactate infusion it had disappeared. Plasma lactate concentrations were measured in one subject by an enzymatic method (Biochemica Test Combination, Boehringer Mannheim, GmbH). The plasma lactate concentration had returned to the normal range (0-1-0-12 mmol/1; 9-11 mg/100 ml) within 30 min of the end of the infusion. Plasma and urine osmolality were measured on 2 ml samples by freezing-point depression (osmometer model 3L, Advanced Instruments Inc., Mass. U.S.A.). Plasma and urine creatinine concentra tions were measured, in three large batches to ensure comparability, by Auto-analyzer (Technicon Instruments Ltd). Plasma albumin was measured by Auto-analyzer (Bromocresol Green, with acetate buffer). Plasma renin activity was measured by the method described by Khokhar, Slater, Jowett & Payne (1976) .
Calculations
The mean arterial pressure was calculated as one-third of the pulse pressure plus the diastolic pressure. The'' mean arterial pressure over the whole experiment (Table 1 and Table 3 ) was calculated as the mean of the 11 measurements made during the 250 min experimental period.
The volume of water excreted over the experi mental period was expressed as flow rate (ml/min), and also as a percentage of the total volume of water infused. Similarly, sodium excretion was expressed both in absolute terms and as a percen tage of the total sodium load excreted by the end of the study (220 min from the start of the Ringer lactate infusion). No attempt has been made to estimate 'basal sodium excretion rate' for the above calculation, since it represents, at most, only 8% of the load administered. Values for creatinine clearance (U CI .V/P Cr ) were calculated as the mean of eight measurements made after the fluid load and corrected for surface area (Table 1) . For the calculation of the filtered sodium load (C Cr x P Na ) (Table 3 ) only measurements made in the last hour were used. Free water clearance was cal culated as the urine flow rate minus the osmolar clearance (V -C osm where C osm . = ^-^osm/^osm.)· To allow for better comparison of tubular function the maximal values for sodium and potassium excretion and free water clearance are expressed per 100 ml of glomerular filtration rate (creatinine clearance) unless otherwise indicated. 
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The arterial pressure of all parents was measured sphygmomanometrically after 5 min in the sitting position. In 11 cases it was measured by the subject (a senior medical student). In the remaining 57 it was measured by the family doctor. In 14 sonparent relationships the arterial pressure of both parents was 140/80 mmHg or less, and these 14 sons comprise our 'normotensive' parent group. In ten such relationships one or both parents had a diastolic pressure of 100 mmHg or more, and, in another ten, one or both parents showed a value of 85-99 mmHg. These 20 sons comprise our 'hyper tensive' parent group. Four parental couples in the latter group were both hypertensive, and in two others the father had died from severe essential hypertension. In the five couples where one parent was being treated, the last pretreatment measure ment was used.
Results are expressed as the mean ± SEM unless otherwise stated. They were analysed with the use of the Statistical Package for the Social Sciences (SPSS) on the CDC-6600 University of London computer. Fig. 1 illustrates the magnitude of the changes which occurred during the experiment for the 'normotensive' parent group. The proportion of the sodium load excreted by the end of the experimen tal period varied between 5-3 and 59-7%. There is a clear relationship between sodium and water excretory capacity (Table 1) but, since there is no significant difference of creatinine clearance, it indicates that a tubular mechanism is responsible for the differences of excretion rather than dif ferences of filtration rate. There is also a striking correlation between the maximal rate of sodium and potassium excretion, urine flow and free water clearance, which suggests that a proximal tubular mechanism is dominant (the correlation coefficients of sodium with potassium, urine flow and free water for all subjects were r = 0-50, P < 0-01; r = 0-72, P < 0-001; r = 0·62, Ρ < 0-001 respec tively). There was a tendency for basal plasma renin activity to be slightly higher in the slow Mean values ± SEM are shown. Note that the rate of potassium and free water excretion increases as sodium excretion increases without differences of creatinine clearance. Note also that as sodium excretory capacity increases the proportion of subjects with a hypertensive parent increases. GFR, Glomerular filtration rate.
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Potassium excretion (/jmol min -1 100 ml" Pressure-related natriuresis and inheritance 643 excretors. The slow excretors were also more likely to have normotensive parents (χ 2 = 5·08, Ρ < 0-05).
Rate of renal sodium excretion in relation to systemic arterial pressure (Table 2) Over the 2 h 45 min after the end of the infusion the correlation coefficient, albeit weak, between the rate of sodium excretion and the mean arterial pressure increased for the group as a whole. However, when the 34 normotensive subjects were subdivided on the basis of their parents' arterial pressure (see the Methods section), it is clear that this correlation is limited to those with normo tensive parents.
By expressing the renal sodium excretion in terms of glomerular nitration rate (100 ml of creatinine clearance) and plotting the mean values for the last hour of the experiment, an even higher correlation coefficient was found (r = 0·94, Ρ < 0-001) for the sons of normotensive parents (Fig.  2a) , but, although it was also higher for sons of hypertensive parents, it remained weak and in significant (Fig. 2b) .
Only ten of the 20 sons of hypertensive parents lie within the 95% confidence limits calculated for the 'normotensive' parent group; in eight the rate of sodium excretion was higher and in two lower.
The rest of the data have been re-analysed in Table 3 on the basis of this grouping. The eight subjects with a high rate of sodium and urine excre tion were no different in other respects from the group with normotensive parents; in particular, filtered sodium load, plasma albumin concentra tion, basal sodium excretion (Overnight urine'), mean arterial pressure and plasma renin activity were indistinguishable. However, the two subjects with a low rate of sodium excretion showed a higher mean arterial pressure and a slightly higher rate of basal sodium excretion.
Discussion
In 1761 Morgagni described five cases of familial apoplexy. Since then there have been many reports of the hereditary nature of high blood pressure (Broadbent & Broadbent, 1897; Hamilton, Picker ing, Roberts & Sowry, 1954; Thomas & Cohen, 1955) . Ayman (1934) , in a study of 1524 members of 277 families, found the prevalence of hyperten sion (140/80 mmHg or higher) in offspring aged 14-39 years to be 45· 5% if both parents were hypertensive, 28-3% if one parent was hyperten sive, but only 3-1% if neither parent was hyperten sive. Zinner, Levy & Kass (1971) in a group 2-14 years old found evidence of familial aggregation of arterial pressure. Thomas (1969) found that 13 out of 16 physicians (mean age 36-5 years) had had arterial pressure above the eightieth percentile while at medical school, and of this group 44% of the physicians' parents were hypertensive, as opposed to only 14% of age-matched control subjects. As the children of two normotensive parents are much less likely to develop hypertension, it follows that an abnormality demonstrable in the normotensive children of hypertensive parents, which cannot be found (or is found to a lesser extent) in children of two normotensive parents, might well be related to the pathogenesis of hypertension. This rationale forms the basis for this study. Fig. 2a and lb Note that there is no difference in filtered sodium load or overnight urine volume, osmolality or sodium concentration between the 'above 95% confidence limit' group, the 'within 95% confidence limit' group and the 'normotensive parent' group. Statistical significance of differences between one or other of the 'hypertensive parent' groups and the 'normotensive parent' group (P): *<0-05;**<0-01;***<0-001.
Over last hour Plasma sodium (mmol/1) Filtered sodium load (mmol/min) Plasma albumin (g/1) Mean arterial pressure (mmHg) Over whole experiment
Creatinine clearance (ml min-' 1-73 n r 2 )
Maximum rates Sodium excretion (,ι/mol min-' 100 ml-' of GFR) Potassium excretion (.umol min-' 100 ml-' of GFR) Free water clearance (ml min"' 100 ml-1 of GFR)
Urine flow (ml/min) Plasma renin activity (% fall) Mean arterial pressure ( Mean arterial pressure (mmHg) Fio. 2. Rate of renal sodium excretion per 100 ml of glomerular filtration rate (GFR) as a function of mean arterial pressure (mean of the three measurements made during the last hour of the study) for (a) the sons of normotensive parents and (b) the sons of hypertensive parents. Note that there is a close correlation (r = 0-94, P < 0001; v = 16-2.Ϊ -1100) for the sons of normotensive parents, which is not seen for the sons of hypertensive parents (r -0-32, P < 0-1). The diagonal lines in (i) delineate the 95% confidence limits of the data shown in (a).
Intrinsic pressure-related renal sodium excretion was first noted by Richards & Plant (1922) . Blake, Wegra, Ward & Frank (1950) , Selkurt, Hall & Spencer (1949) and Shipley & Study (1951) concluded that, in the dog kidney, pressure-related sodium and water excretion could not be accounted for by changes of glomerular filtration rate, and they postulated that changes of transtubular hydro static pressure gradients were a major influence on the rate of sodium and water reabsorption. The importance of the balance of 'Starling's forces' across proximal tubular capillaries in the control of proximal tubular sodium reabsorption was cham pioned by Earley & Friedler (1966) and suppor ted by micropuncture studies (Koch, Aynedjian & Bank, 1968) . A later model for this mechanism was reported by Knox, Cuche, Ott, Diaz-Buxo & Marchand (1975) . In the intact animal, however, the relation between systemic arterial pressure and sodium excretion is more complex because of the superimposition of other regulatory mechanisms for sodium and water excretion (Guyton, Coleman, Cowley, Scheel, Manning & Norman, 1972; Guyton, Coleman, Cowley, Manning, Norman & Ferguson, 1974) . It was therefore arresting to find such a close linear relationship between mean arterial pressure and renal sodium excretion in this study in the sons of normotensive parents. Indeed, it closely resembles the results obtained by Nizet (1972) in the isolated dog kidney; in both situa tions an increment of 10 mmHg of arterial pressure induces an increment of approximately 1% in the fractional excretion of filtered sodium. Our observation that this linear relationship grew over the 3 h period after the large intravenous fluid load further strengthens the idea that, over this period, suppression of other influences allowed a direct effect of pressure on sodium excretion to become dominant. The time-lag for the full development of this relationship is interesting and might be ex plained by intrarenal vasodflatation (as occurs in the dog after saline loading; Earley & Friedler, 1965 ) due either to the decay of vasoconstrictor or the production of vasodilator substances. A neuro logical mechanism would be expected to act more quickly, and the activity of the renin-angiotensin system is clearly irrelevant because at the time of increasing pressure/sodium correlation plasma renin activity was actually rising, having reached its lowest value immediately after the fluid load. The prostaglandin (Johnston, Herzog & Lauler, 1967; Vander, 1968) and kinin (Barraclough & Mills, 1965; Adetuyibi & Mills, 1972) systems, and the putative 'natriuretic hormone ' (de Wardener, 1973) , are candidates for this role. The closer relationship between pressure and sodium excretion in the vasodilated kidney was shown in dogs by Early & Friedler (1966) . They found that pressor doses of angiotensin or noradrenaline caused more sodium excretion in the vasodilated kidney. Furthermore, Martino & Earley (1968) found that the deep intrarenal pressure in the vasodilated kidney rose in association with increased sodium excretion when infused angiotensin raised arterial pressure.
The well-known phenomenon of exaggerated natriuresis, which occurs in hypertensive man in response to a sodium and water load (Farnsworth & Barker, 1943; Baldwin et al., 1958) and even emotional stimuli (Miles & de Wardener, 1953) is not limited to hypertension of unknown cause (Cottier et al., 1958; Hanenson et al, 1959) ; it occurs in normal man after metaraminol infusion (Vaamonde et al., 1964) , and is related to the degree of hypertension (Cottier et al., 1958) . It would therefore appear that the exaggerated natriuresis is the result of the hypertension, but, in this study we have shown that eight of the 20 sons of hypertensive parents show an exaggerated natriuresis in the absence of demonstrable hyper tension and, in contrast to the sons of normo tensive parents, sodium excretory capacity is not significantly related to arterial pressure under the conditions of our study.
Assuming that this observation is not a chance finding due to subtle differences of prehydration and plasma volume (which seems unlikely because the overnight urine volume, osmolality and sodium content between the relevant groups were so similar) of the type described by Ladd (1951 Ladd ( , 1952 , it implies that, whatever the intrarenal mechanism, the kidneys of the normotensive sons of hypertensive parents respond differently to a sodium and water challenge. Such a difference in proximal tubular sodium reabsorption could arise by vasodilator or constrictor substances affecting peritubular capillary pressure or flow, or both, by changes in filtration fraction (and therefore peri tubular capillary oncotic pressure), or by dif ferences in the proximal tubular cell 'tight-junction' compliance (Knox et al., 1975) .
Experimental support for the idea that the kidney of normotensive sons of hypertensive parents is functionally different is provided by experiments in spontaneously hypertensive rats; hypertension can be induced in normal rats by a transplanted kidney from a normotensive rat destined to develop hypertension (Bianchi, Fox, Di Francesco, Giovanetti & Pagetti, 1974) . In ad dition, although during the development of hyper tension there is a net retention of sodium (Bianchi, Baer, Fox, Duzzi, Pagetti & Giovanetti, 1975a) , these rats show an exaggerated natriuretic response to an isotonic fluid load in the pre-hypertensive phase (Bianchi etal., 1975b) .
We conclude that in the normotensive sons of two normotensive parents systemic arterial pres sure is the major determinant of the rate of renal sodium and water excretion after an isotonic sodium load. In the sons of hypertensive parents this relationship is weak and insignificant, but nonetheless there is a clear tendency to an exaggerated natriuresis in the absence of hyperten sion. This situation is analogous to that found in the Milan strain of spontaneously hypertensive rats and, as such, is relevant to the early changes which precede the development of essential hypertension in man.
